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Introduction 27
Layered double hydroxides (LDHs), also known as anionic clays or hydrotalcite-like 28 compounds, are a special group of layered materials. Their structure consists of positively 29 charged brucite-type layers of mixed divalent (M II ) and trivalent (M III ) properties, the large specific surface areas associated with their layered nanostructure, the ease 36 with which they are synthesized, and the possibility of modifying their surfaces to increase 37 their affinity for specific sorbates (Cornejo et al., 2008; Lagaly, 2001) . 38
Because of their anion exchange properties, LDHs often display a high affinity for anionic 39 contaminants. Furthermore, the calcination product of various LDHs (e.g., 500 ºC) is a mixed 40 oxide, which has the peculiarity that it can rehydrate from water containing anions to 41 reconstruct the original LDH layered structure (Miyata, 1980 ), a property known as "memory 42 effect" (Cavani et al., 1991; Chibwe and Jones, 1989; Narita et. al., 1991) . Accordingly, both 43 LDHs and their calcined products have been proposed as sorbents to remove anionic pollutants 44 from aqueous solutions, either by an anionic exchange mechanism or by the reconstruction 45 mechanism or memory effect (Cardoso and Valim, 2006; Hermosín et al., 1993; Inacio et al., 46 2001; Sato and Okuwaki, 1991) . 47
The anionic exchange properties of LDHs also allow the intercalation of a wide variety of 48 organic anions in the LDH interlayer space to yield the so- Xu et al., 2004) . Combination at the nanometric scale of the expansive 54 surface areas, anisotropic shape and reactive surfaces of LDHs with the functional and/or 55 hydrophobic behavior of organic anions has been pointed out as an attractive way to develop 56 organic-inorganic nanohybrid materials with properties that are inherent to both types of 57 components (Paek et al., 2011) . How organic anions are intercalated and packed in the 58 interlayer is the theme of much current research (Xu and Braterman, 2010) . In an 59 environmental context, the study of organo-LDHs as sorbents for the removal or The presence of one or more double bonds in the alkyl chain is expected to affect 75 significantly the packing mode of the intercalated surfactant (Kanicky and Shah, 2002) . In 76 particular, for fatty acids containing cis-unsaturated chains, the cis geometry imposes a bend in 77 the alkyl chain which can disrupt the arrangement of the organic anions in the LDH interlayers. 78 5 Thus, the structure and properties of organo-LDHs are expected to vary depending on the 79 number, position, and configuration of the double bonds within the alkyl chain. Lagaly et al. 80 (1977) stressed the importance of the effect of unsaturation on the structures resulting after 81 intercalation of alkylammonium ions into smectite; however, as for LDHs, the intercalation of 82 unsaturated anionic surfactants has scarcely been investigated (Inomata and Ogawa, 2006) . 83
Cis-unsaturated fats are natural compounds conventionally regarded as healthier than saturated 84 fats. Consequently, the use of unsaturated fatty acid anions for LDH modification would 85 reduce concern about the incorporation of the resulting materials into soil and aquatic 86 environments for practical applications compared to the use of their saturated analogues and 87 other anionic surfactans (Cruz-Guzmán et al., 2004) . 88
In the present study, four long-chain (C18) unsaturated fatty acid anions (elaidate, oleate, 89 linoleate, and linolenate) ( Fig. 1 ) were intercalated into a Mg/Al (3:1) LDH using the 90 reconstruction method (memory effect). The resultant organo-LDHs were characterized and 91 subsequently evaluated as sorbents of six pesticides with different chemical structures. By 92 using different unsaturated fatty acids with the same chain length (C18), we aimed at assessing 93 whether the degree and type of unsaturation in the fatty acid affected the structure and sorptive 94 properties of the resultant nanohybrids. Dodecylsulfate-intercalated LDH was also prepared, 95 characterized, and assayed as a pesticide sorbent for comparative purposes. 96 97 2. Materials and methods 98
Sample preparation 99
The starting carbonate-Mg:Al (3:1) LDH was prepared by the conventional coprecipitation 100 method (Reichle, 1986 ). An aqueous solution (100 mL) containing 0.3 mol of Mg(NO 3 ) 2 ·6H 2 O 101 and 0.1 mol of Al(NO 3 ) 3 ·9H 2 O was added dropwise to an alkaline solution (500 mL) 102 containing 1.6 mol of NaOH and 0.37 mol of Na 2 CO 3 . The precipitate obtained was 103 hydrothermally treated at 80 ºC for 24 h, washed with deionized water, and then freeze-dried. 104 6 Elaidate (ELA)-, oleate (OLE)-, linoleate (LINO)-, and α-linolenate (LINOLEN)-105 intercalated LDH samples were prepared by the reconstruction method from calcined-LDH, i.e. 106 the product resulting from heating the LDH sample at 500 ºC for 3 h, following a procedure 107 similar to that described by Chibwe and Jones (1989) . For the synthesis, 500 mg of calcined-108 LDH (containing 2.6 mmol of Al) was added to 110 mL of aqueous solutions containing 3 109 mmol of elaidic, oleic, linoleic, or α-linolenic acid (Sigma-Aldrich, Spain) plus 3.3 mmol of 110 NaOH, which was added to ensure the conversion of the fatty acids to the respective sodium 111 salts. The dissolution of the fatty acid sodium salts was favored by gentle heating at 60 ºC. The resulting from considering that Mg 2+ and Al 3+ cations were regularly distributed in the LDH 139 layer (Zhao and Nagy, 2004) , and the organic anion molecular structures generated by 140 ACD/Chemsketch software, which was also used to determine the interatomic distances in the 141 organic anions. Scanning and transmission electron micrographs were obtained using a Hitachi 142 S5200 and a Hitachi H800 electron microscope, respectively. Zeta potential measurements 143 were carried out with a Malvern Zetasizer Nano ZS Instrument using aliquots of 1.5 mg of 144 sample dispersed in 1 mL of deionized water. 145 146
Sorption experiments 147
The sorption of six pesticides (clopyralid, imazethapyr, diuron, atrazine, alachlor, and 148 terbuthylazine) ( Fig. 2 ) on the LDH materials prepared in this work was studied by the batch 149 equilibration procedure using glass centrifuge tubes lined with screw caps. Aliquots of 20 mg 150 of LDH, calcined-LDH or organo-LDH sorbent samples were equilibrated by shaking for 24 h 151 at 20 ± 2 ºC with 8 ml of an aqueous solution with an initial pesticide concentration, C ini , of 1 152 mg L -1 . After equilibration, the dispersions were centrifuged and 4 mL of the supernatant 153 solution was removed, filtered and analyzed by high performance liquid chromatography 154 (HPLC) to determine the pesticide equilibrium concentration, C e (mg L -1 ). The amount of 155 8 pesticide sorbed, C s (mg kg -1 ), was determined from the difference between the initial and 156 equilibrium solution concentrations. Pesticide initial solutions without sorbent were also 157 prepared and served as controls to determine possible losses of the pesticides due to processes 158 other than sorption to the solids. Percentages of pesticide sorbed (% Sorbed) were calculated 159 by using the following formula: %Sorbed= [(C ini -C e )/C ini ] × 100, whereas sorption distribution 160 coefficients, K d (L kg -1 ) were calculated as K d = C s /C e . Organic carbon-normalized K d values 161 Table 1 shows the results of the element chemical analysis of LDH, calcined LDH, and the 170 organo-LDHs prepared in this work, together with some relevant molar ratios. The empirical 171 formula for each sample was derived from the results of the element chemical analysis, 172 assuming a hydrotalcite-like structure (for LDH and the organo-LDHs) or a mixed oxide 173 structure (for calcined LDH). The Mg and Al content of the samples was used to calculate the 174 composition of the hydroxide layer, whereas the C content was used to calculate the amount of 175 carbonate in LDH and the amount of organic anion in the organo-LDHs. The amount of water 176 in the proposed formula (Table 1) , roughly estimated by difference, was found to be in 177 reasonable agreement with the mass loss of the samples upon drying at 150 ºC for 4 h. 178
For all samples, the Mg:Al ratio was close to the expected value of 3 (x~ 0.25), thus 179 revealing the complete coprecipitation of the structural metals during the synthesis of the 180 pristine LDH. The C to Al ratio of LDH (C/Al= 0.60) was slightly greater than the value 181 9 expected if all anion exchange sites in LDH were occupied by CO 3 2anions (C/Al= 0.5). A 182 possible explanation for this finding is that HCO 3 species appeared during the successive 183 washings of the sample as a result of a decrease in the pH of the solution. As for the organo-184
LDHs, the C to Al ratio was close to the expected value of 18 for the fatty acid anions and 12 185 for DDS, which revealed that all organic anions were successfully incorporated into the LDH 186 structure during the reconstruction reaction conducted to prepare the organo-LDH samples. 187 Actually, data in Table 1 show that the C to Al ratio was slightly less than the expected one 188 (C/Al= 12) for DDS, but slightly larger than the expected one (C/Al= 18) for all fatty acids. In the FT-IR spectra of the organo-LDHs, the appearance of new bands compared to those 213 observed in the spectrum of the original LDH provided further evidence for the presence of the 214 organic anions in the samples. A detailed assignation of these bands is given in Table S3 of These bands evidenced that the fatty acids were incorporated into the LDH structure in their 224 ionized forms. All these bands were in agreement with those previously reported by other 225 authors for LDHs intercalated with saturated carboxylic acids, but we also observed in our 226 spectra distinctive features of the unsaturations present in ELA, OLE, LINO, and LINOLEN. 227
Thus, the characteristic stretching vibration band for C-H groups adjacent to a cis double bond 228 was identified in the spectra of LDH-OLE, LDH-LINO, and LDH-LINOLEN near 3010 cm -1 , 229
whereas the out of plane deformation vibration of C-H groups attached to a trans double bond 230 appeared in the spectrum of LDH-ELA as a sharp absorption at 963 cm -1 (Fig. 3 , Table S3) to be in an all-trans conformation showed considerable steric hindrance, poor hydrophobic 300 interactions between adjacent alkyl chains, and inefficient compensation of the LDH layer 301 charge ( Fig. 5 ). Such disordered structures appear to be in contradiction with the relatively 302 well-defined basal reflections that were observed in the X-ray diagrams of the samples (Fig. 4) . 303
It has previously been pointed out that while saturated fatty acids tend to adopt extended (all 304 trans) conformations, unsaturated fatty acids possessing cis double bonds separated by 305 methylene carbons exhibit a high degree of flexibility that allows them to adopt folded, as well 306 as extended conformations quite easily (Reggio and Traore, 2000; Small, 1984) . This would 307 explain the observation that cis-bonds do not prevent relatively dense packing of the chains in 308 lamellar phases (Engelman, 1971; Lagaly et al., 1977) . Accordingly, in Figure 6 we propose 309 some of the possible alternative structures resulting from considering that the cis-geometry of 310 14 the double bonds present in OLE, LINO, and LINOLEN promotes the adoption of gauche 311 conformations at different points of the alkyl chain for these to achieve nearly-linear 312 conformations. Such conformations would stabilize the structure of the organo-LDHs by 313 improving the hydrophobic interaction between adjacent alkyl chains and by compensating the 314 LDH layer charge more efficiently (Fig. 6) . 315
It is interesting to note that each kink imposed by a cis-gauche pair would reduce the 316 effective length of the alkyl chain by about 1.25 Å compared to the length exhibited by the 317 same alkyl chain in an all-trans conformation (Lagaly et al., 1977) , and that this reduction in 318 length represents 1.1 Å of interlayer distance assuming a tilting angle of 60º for the chain. The 319
basal spacing values of our samples (Fig. 4) are close to the values expected assuming that the 320 basal spacing of LDH-ELA (40 Å) is reduced by 2 x 1 kink (2.2 Å) for LDH-OLE (37.8 Å), 2 321
x 2 kinks (4.4 Å) for LDH-LINO (35.6 Å), and 2 x 3 kinks (6.6 Å) for LDH-LINOLEN (33.4 322 Å). The temperature at which the reconstruction reaction was conducted (60º C) should have 323 contributed to overcome the energy barrier (< 3.5 kcal mol -1 ) for the formation of the gauche 324 conformations represented in Figure 6 (Lagaly, 1976) . 325
It is also worthy to note that the positions of the FT-IR CH 2 stretching vibration bands at 326 about 2922 and 2852 cm -1 have been used as an indication of the gauche/trans conformer ratio 327 of hydrocarbon chains and, in turn, for monitoring the transition from highly-ordered to more 328 disordered states (Li and Jiang, 2009; Mantsch and McElhaney, 1991) . A shift from low 329 wavenumbers, characteristic of highly-ordered, all-trans conformations, to higher 330 wavenumbers is usually related to an increase in the number of gauche conformers and to the 331 disorder of the chain (Li and Jiang, 2009 ). The fact that these bands are shifted to higher 332 wavenumbers in LDH-OLE, LDH-LINO, and LDH-LINOLEN compared to their position in 333 LDH-DDS and LDH-ELA (Fig. 3, Table S3 ) may reflect the disorder of the systems caused by 334 misfits between gauche-based conformers of the unsaturated alkyl chains (Fig. 6) anions would be exposed to the aqueous phase and provide the platform for the deposition of a 349 new metal hydroxide sheet. A similar mechanism would be consistent with the inter-digitated 350 structures proposed in Fig. 6 for our samples. 351
Because LDH crystallites tend to lie flat with the c axis perpendicular to the plane of the 352 support, it is in general difficult to directly observe the layer stacking in LDH samples by TEM 353 (Xu et al., 2004) . In spite of this, we were able to observe such layer stacking in various 354 regions of LDH-ELA and LDH-LINOLEN (see Figure S1 of the Supplementary information). (Table 2) . Zeta-potential measurements indicated that, upon modification with 377 the organic anions, the LDH surface changed from positively charged to negatively charged 378 ( Figure S2 of the Supplementary information), and electrostatic repulsions probably prevented 379 clopyralid and imazethapyr anions from approaching to the organo-LDH surfaces. In contrast, 380 the performance of the organo-LDHs as sorbents of pesticides existing as uncharged species 381 (diuron, alachlor, atrazine and terbuthylazine) was strongly superior to that of the original and 382 calcined LDH samples ( Table 2) Table 2 show that the sorptive properties of the organo-LDHs depended on the 387 nature of the pesticide and also on the organic anion used to prepare the organo-LDH 388 nanohybrid. Under the experimental conditions used, sorption percentages ranged from only 389 14% for atrazine on LDH-LINOLEN (K d = 70 L kg -1 , K oc = 186 L kg -1 C) up to 86% for 390 terbuthylazine on LDH-DDS (K d = 2370 L kg -1 , K oc = 9834 L kg -1 C). In general, the 391 performance of every organo-LDH as a pesticide sorbent appeared to increase with the 392 pesticide hydrophobicity or K ow (Table 2) . Furthermore, the different organo-LDHs prepared 393 from fatty acid anions, despite having very similar organic carbon contents (Table 1) This sequence appears to indicate that the structures resulting from the incorporation of 397 unsaturated fatty acid anions in the LDH interlayers were less sorptive than those resulting 398 from incorporating saturated organic anions such as DDS, and also that an increasing number 399 of cis-unsaturations in the fatty acid alkyl chain further reduces the sorptive capacity of the 400 organo-LDH nanohybrid. Despite that cis-unsaturations should have led to less densely packed 401 structures with misfits between the chains, and hence to voids where the pesticide molecules 402 could be hosted, it appears that they also reduced the hydrophobicity of the interlayer organic 403 phase and its performance in the removal of uncharged pesticides. 404
On the assumption that hydrophobic interactions should have dominated the pesticide 405 sorption process on the organo-LDHs, we plotted the organic carbon-normalized distribution 406 coefficient (K d-oc ) for the sorption of each pesticide on the organo-LDHs against the octanol-407 water partition coefficient of the pesticides (Fig. 8) . To directly compare the efficiency of the 408 organic carbon of the organo-LDHs with that of octanol, the pesticide K ow values were also 409 normalized to the organic carbon content of octanol (0.608 kg L -1 ) (Fig. 8 ). The linear 410 relationships observed in Fig. 8 strongly support that pesticide sorption on the organo-LDHs 411 was a function of the pesticide hydrophobicity or K ow value, and further show that such a K d-oc -412 K ow relationship varies depending on the structural characteristics of the sorbent, and 413 specifically, on the degree and type of unsaturation in the organic anion alkyl chain. The slopes 414 > 1 observed for LDH-DDS and LDH-ELA indicate that the organic C of these organo-LDHs 415 had greater affinity to the pesticides than that of octanol, whereas the slopes < 1 observed for 416 LDH-OLE, LDH-LINO, and LDH-LINOLEN indicate that the organic C of these organo-417
LDHs had less affinity to the pesticides than that of octanol. 418 Table S1 . Some characteristics of the pesticides used in sorption experiments. Table S2 . 450
Chromatographic conditions used for the analysis of the pesticides by HPLC. Table S3 . 451
Proposed assignments for FT-IR bands of organo-LDH samples. Table 2 Sorption percentages, Sorbed (%), and distribution coefficients, K d (L kg -1 ), for different pesticides on the organo-LDHs a . Diuron  740  61  630  28  156  28  156  15  70  30  170   Alachlor  1230  76  1250  75  1180  71  980  49  380  33  200   Terbuthylazine  2510  86  2370  83  1950  74  1140  71  980  50 
